I. INTRODUCTION
As pointed out by Tennekes and Lumley on the very first page of A First Course in Turbulence, "Many turbulent flows can be observed easily; watching cumulus clouds or the plume of a smokestack is not time wasted for a student of turbulence." 1 Indeed, the extraordinarily high Reynolds numbers achieved in geophysical flows, 2 either those naturally occurring in clouds or in anthropogenic smokestack plumes, are often cited as ideal testbeds for asymptotic turbulence theories. The first reliable verifications of Kolmogorov's (K41) 3 similarity theory were not from laboratories, but from singlepoint measurements in tidal channels 4 and the atmospheric boundary layer. 5, 6 The large Reynolds numbers of geophysical flows, however, also present major challenges for universal theories of turbulence. The most obvious is the enormous span of physical processes either directly or indirectly affecting the properties of turbulence observed at a given location at a given time. Time and space scales of ocean flows range from basin-wide circulations and mesoscale eddies dominated by small Rossby and Froude number dynamics, down to microscales where both rotation and stratification effects are negligible. In contrast to the idealized picture of turbulence as the downscale a) Email: andrew.poje@csi.cuny.edu cascade of energy input at some distinct "large-scale," spectrally distant from the scale where this energy is frictionally dissipated as heat, energy input (and extraction) mechanisms in geophysical flows span the entire spectrum. The forcing is unsteady, episodic, and spatially inhomogeneous. Spectrally, the picture might be something like Lumley's "leaky," non-equilibrium cascade, 7 complicated by the presence of numerous source and sink terms and the fact that the basic direction of the spectral transfer is itself scale dependent. Important complications also arise from the modulation and feedback between the turbulence and many geophysical wave phenomena spanning a similarly broad range of scales.
Assuming, for the moment, that the primary energy source for ocean currents occurs at the planetary scale, 8 global energy flux equilibrium requires that this energy input be balanced by viscous dissipation at the smallest scales of motion. In the ocean, such scales are O(1 cm) or less. Gyre-scale circulations spawn energetic fields of mesoscale eddies (spatial scale 10's of kilometers, time scales of weeks). At these scales, motions are strongly constrained by rotation and stratification. The dynamics, well described by the quasi-geostrophic turbulence theory, is classically characterized by the inverse cascade of energy from the injection scale towards larger scales. If mesoscales cannot contribute directly to the forward, downscale energy cascade, there must exist alternate transfer routes for maintaining the global budget.
The characteristics of the turbulence, and the processes driving it, in the regime connecting mesoscales (with presumed upscale energy transfer) and classical microscale turbulence (with well-known downscale energy transfer) are not entirely well-established. High resolution satellite imagery now regularly provides snapshots of the rich structure of this intermediate, so-called submesoscale range; roughly motions with spatial scales 100 m-10 km, and time scales of hours to days. Submesoscale turbulence, at least as viewed through the lens of its effects on the surface stirring of scalar fields, is "observed easily" in high-resolution (1 km) images of ocean color. 9 These scales, where the dynamics is no longer entirely dominated by vanishing Rossby and Froude numbers, mark the instability transition from the predominantly two-dimensional mesoscale to the more familiar, fully three-dimensional turbulent microscale. Given their potential role in providing a pathway for global energy transfer and their dominant role in the local transport of bio-geochemical tracers, the dynamics of submesoscale processes has become a subject of much recent research. [10] [11] [12] [13] [14] [15] [16] [17] [18] Spectral estimates in the upper submesoscale range, derived from the amalgamation of repeated commercial ship transects of the Gulf Stream (the oceanic equivalent of atmospheric MOZAIC commercial plane data 19 ) indicate the persistence of a relatively shallow slope (E(k) ∼ k −β , β ≤ 2) at scales well below the main deformation radius. 20 Similar spectral results, extending down to ≈1 km wavelengths, were obtained for much shorter averaging times by novel two-point, two-ship velocity measurements. 21 Analysis of the submesoscale tracer-variance cascade in the same region clearly indicates the importance of local stirring by ageostrophic motions with energy at length-scales smaller than 100 m. 22 Model studies, upon which much of our present understanding of the submesocales is based, consistently show strong scaling behavior of the kinetic energy spectra with spectral slope β ≈ 2 extending to ever-finer scales as the spatial resolution increases 11 and process models have begun to explicitly address dynamic pathways from balanced QG motions to ageostrophic cascades. 17, 18 However, while remote sensing images of the effects of submesoscale stirring are now readily available, synoptic in situ measurements of the underlying velocity field are still rare. The submesoscales represent an "awkward" spatio-temporal range for current observational techniques. 8 The spatial scales are unduly large and the temporal scales similarly short for single ships to traverse without encountering severe aliasing issues. Moored arrays are typically too expensive to provide the spatial sampling needed for synoptic observations at these scales.
Difficulties associated with simultaneously measuring a broad range of spatial scales over an extended spatial region can be circumvented by Lagrangian-based observations, provided that large enough numbers of instruments are released at a given time. 23 This is especially true at the ocean surface where relatively inexpensive, GPS-tracked surface drifters can be deployed to report accurate real-time position information. Lagrangian based observational strategies have long been a staple for oceanographic measurements. 24 Standard connections between classical turbulence theory 25, 26 and Lagrangian-based observations have been used to estimate velocity scaling laws in the ocean and atmosphere. 27, 28 Contrary to the exponential pair separation expected for 2D turbulence in the enstrophy cascade regime, drifter-based investigations targeted at the submesoscales have found Richardson scaling, indicative of a shallow spectral slope of the underlying velocity field, extending well into the submesoscale separation regime in a variety of settings. [29] [30] [31] Here we consider data from a particularly large surface drifter deployment conducted in July 2012. The GLAD (Grand LAgrangian Deployment) observational program took place in the DeSoto Canyon region of the northern Gulf of Mexico. Funded by the Gulf of Mexico Research Initiative in response to the DeepWater Horizon spill of 2010, the primary goal of the experiment was to measure, using GPS-tracked surface drifters, the statistical structure of surface currents at the submesoscale. The experiment was specifically designed to determine whether the relative dispersion of dense clusters of simultaneously launched drifters was driven by local processes acting at pair separation scales or, instead, nonlocally stirred by the strain field imposed by larger mesoscale structures.
The primary goal here is to investigate, in light of the building evidence listed above, to what extent classical turbulence laws extend into the submesoscale. Previous analysis, presented in terms of second-order structure functions and scale dependent diffusivity estimates, 32 indicates general agreement between the GLAD observations and simple scaling law predictions for turbulence in an energy cascade inertial-range. Second-order structure functions are consistent with K41, k 5/3 , spectra and scale dependent diffusivities match Richardson's r 4/3 law. While the data are consistent with energy cascade scaling, the existing metrics provide no information on the direction of the cascade process. Here we re-examine a subset of the GLAD database in terms of standard turbulence self-similarity measures including higher order structure functions and, via Kolmogorov's 4/5th law, attempt to determine the direction of the cascade in a scale-dependent manner.
The drifter data and available information about the local ocean state, including potentially representative observations of the local turbulence microstructure are presented in Sec. II. Section III presents results on the absolute and relative dispersion statistics from the Lagrangian data. In Section IV we discuss two-point velocity statistics. Here we establish the direction of the energy cascade obtained from Lagrangian observations at submesoscales and the degree of ocean surface compressibility. The paper concludes with a summary and brief discussion of the analysis.
II. LAGRANGIAN OBSERVATIONAL PROGRAM: GLAD
During GLAD, approximately 300 standard CODE surface drifters 33, 34 were released over a two week period. CODE drifters are designed to follow currents in the upper 1 m with 1-3 cm/s velocity errors for wind speeds up to 10 m/s. The drifters were equipped with GPS units reporting 5-10 m accurate position information every 5 min. As detailed in Yaremchuk and Coelho, 35 quality control was conducted via acceleration-filtering and non-causal spline interpolation Phys. was used to produce trajectory and velocity information at uniformly sampled 15 min intervals.
GLAD consisted of four directed, near-simultaneous launches of 20 or more drifters. 36 Here we concentrate on the initial S1 launch of 90 drifters conducted in the western region of the DeSoto Canyon on July 22, 2012. Details of the launch template and resulting 28 day trajectories are shown in Fig. 1(a) . The launch template, 10 nodes (labeled A-J, with A furthest west) of 9 drifters each, was designed to (a) allow rapid deployment of the overall ∼8 × 12 km S pattern while (b) maximizing pair statistics at small (100 m and 500 m) initial separations (see insets). The total deployment was completed in 6 h with 86 of the 90 drifters reporting for the initial 12 day period we consider here. As shown in Fig The structure of the upper ocean density field in the region was measured along-track by a fixed-depth, shipborne flow-through salinity-temperature system 36 with vertical profiles obtained at each of the 3, 100 m triplet locations in each node via hand-held CTD casts. Temperature and salinity profiles at 3 of the 10 nodes are shown in Fig. 2 . The data indicate the presence of small, shallow fronts of cold-fresh water above warm-salty water with 10-15 m mixed layer showing strong compensation of the unstable surface temperature by salinity. There is considerable variation in profiles both between nodes (horizontal spacing ≈3 km) and also within nodes (∆x = 500 m) as well as evidence of strong temperature mixing/overturning at the mixed layer base. While shallow mixed layer depths typically argue for considerably weaker submesoscale energies in summer, in the western DeSoto, a location subjected to the presence of Mississippi outflow, density structures with small horizontal scales exist. The net importance of these smaller scale density-driven currents on the observed structure of the near-surface velocity field is likely enhanced by the fact that, at least over the duration of the GLAD experiment, this region remained far removed from straining by mesoscale features associated with the loop current.
Although no direct turbulence microstructure measurements were made in the course of the S1 drifter launch, vertical kinetic energy dissipation profiles were obtained 5 days later. A single cast of a vertical microstructure profiler (VMP) was conducted on 27th July at the northern tip of the DeSoto Canyon, 122 km NE from the S1 deployment (location marked FIG. 2 . Vertical profiles of temperature (left) and salinity (center) and density (right) as measured by small boat CTD casts at selected GLAD S1 launch nodes. Unstable surface temperature signals strongly compensated by salinity. by star on Fig. 1(a) ). Stratification profiles at this site were similar to those observed in the western canyon, with salinity compensated density and mixed layer depths at around 20 m. The density profile at this location on 27th July, Fig. 3(a) , indicates a weakly stratified 15 m deep layer with a more stratified layer at 15 m-20 m depth. Consistent with observations during the initial period following the S1 deployment, background swell during the VMP was characterized by wave amplitudes <0.25 m.
Turbulence properties were measured using a Rockland VMP250 (Victoria, Canada) microstructure loose-tethered free-fall profiler with dual shear sensors 37 enabling estimation of the turbulent energy dissipation rate (ε) using standard techniques. VMP250 collected time series of horizontal velocity shear. The vertical profile of the shear was binned over varying depths and at least 1.5 m long (corresponding to time series at least 3 s long) were converted to velocity shear power spectra. The noise contamination due to acceleration was removed using a Goodman coherent noise removal algorithm. 38 Under usual assumptions of homogeneity and isotropy, values of ε were then derived by integrating the velocity shear power spectrum, Ψ(k), in wave number space following the method of Ref. 37 . The power spectra of velocity shear is given by
where u denotes horizontal velocity, ν is the kinematic viscosity, and k is the wavenumber. When the profile exhibited large (>5 • ) inclination angles, measurements were discarded. The results are presented in Fig. 3(b) . The derived ε is characterized by elevated value 2 × 10 −7 m 2 /s 3 between the closest to the surface VMP bin at 7-12 m depth. Within the mixed layer, the dissipation decreases montonically below 15 m depth, more rapidly below 20 m. The dissipation attains its deep water value of 2 × 10 −9 m 2 /s 3 just below the mixed layer and is then characterized by a relatively low, constant value, down to the deepest measurements taken at 120 m.
In the absence of surface or internal wave breaking, the main source of upper ocean energy dissipation is attributed to the wind stress 39 such that the turbulent kinetic energy input into the ocean varies as ∝ W 3 10 , where W 10 is the wind speed at 10 m above the sea surface. Month long in situ observations indicate that more than 70% of the total wind stress related energy dissipation takes place within the mixed layer. 40 Wind speeds on July 27 had decreased from 7 m/s a few hours prior to the VMP deployment to around 2.5 m/s during the VMP deployment. The mean wind speed between the S1 launch and VMP deployments (i.e., between days 204.5 and 209.5) was ≈5 m/s. Thus, we expect that the VMP observed dissipation represents a lower bound on mixed layer dissipation between days 204.5 and 209.5. Since the mean wind speed was around 5 m/s during the analyzed time, the corresponding dissipation should then be 8× larger, ≈10 −6 m 2 /s 3 , corresponding to doubled wind speeds. We have some experimental indication that dissipation level, i.e., ≈10 −6 m 2 /s 3 likely represents the upper bound on dissipation during the analyzed time period. Observation of Ref. 41 yielded dissipation values of ≈10 −6 m 2 /s 3 in a near surface 2 m thick layer during the strongest wind speed (7.5 m/s) encountered. Thus we expect mean day-time, wind driven dissipation in the near-surface layer to be well estimated at O(10 −7 ) m 2 /s 3 .
III. SELF-SIMILARITY IN LAGRANGIAN STATISTICS
Absolute and relative dispersion statistics for the N = 86 drifters are shown in Fig. 4 . The absolute dispersion is ballistic initially with
for at least the first 12 h. The estimated energy, v 2 0 = 0.19 m 2 /s 2 , was significantly smaller in the western canyon region than in other GLAD launches, consistent with the observed slow drift of the S1 cluster. Fig. 4(b) shows the evolution of the adjusted relative dispersion computed from 86 drifter pairs with initial separation less than 300 m. Errors bars show 95% confidence intervals obtained by standard boot-strapping on 10 000 subsamples. After a short interval of slower growth (nominally matching Batchelor's quadratic regime 42 
is O(10 −9 ) m 2 /s 3 . While Richardson's r 2 ∼ t 3 scaling for the relative dispersion is dimensionally consistent with Kolmogorov energy cascade arguments, similar power-law behavior can be observed in purely kinematic velocity fields 43, 44 and does not directly imply the presence (or direction) of a dynamic cascade. The existence of an inertial range does imply that Lagrangian statistics at such scales should show temporal self-similarity. Additional evidence of Lagrangian self-similarity in the surface drifter data is shown in Fig. 5 . First, we consider the backwards in time correlation function of pair separations,
where −t ≤ τ ≤ 0 and the average is taken over all pairs. As originally argued by Richardson, even in a statistically stationary turbulence, the rate at which pairs separate is a timedependent process and the separation at any time depends on the cumulative history of the individual trajectories. The correlation time of pairs grows as time increases. However, in a Kolmogorov inertial range, the only physical time scale is time itself and one expects self-similar behavior for R(t, τ) for rescaled delay times, τ/t. Fig. 5(a) indicates a reasonable collapse of the data to a single dimensionless function, g(t/τ), for times consistent with those where Richardson scaling is observed. The persistence time of the correlations during this period is roughly estimated (solid line) to be τ = t/3 indicating that particle pairs remember, at any time, a considerable fraction of their previous history. Additionally, we consider the second order Lagrangian structure function,
with the average taken over all trajectories. Assuming the existence of an energy cascading inertial range with cascade rate ε, standard Kolmogorov dimensional analysis implies that Fig. 5(b) shows the results for the drifter data plotted in terms of ε using the value C 0 = 6.5 estimated from experiments and simulations of three-dimensional turbulence. 45, 46 The results clearly indicate the presence of near-inertial modes and, as is typical for all investigations of Lagrangian structure functions, display only a modest plateau of inertial range scaling since increasing time lags eventually lead to super-inertial range separation scales. Notably, however, a plateau does exist at time lags corresponding to 1-10 km spatial separations ( Fig. 4(a) ). Although Eq. (6) is only a dimensional relationship and C 0 known to be Reynolds number dependent, 45 the order of magnitude of the resulting dissipation rate estimate from the drifter data is consistent with near-surface microstructure measurements.
IV. TWO-POINT VELOCITY STATISTICS
The GLAD deployment strategy was explicitly designed to maximize statistical sampling, at least initially, of a broad range of particle pair separation scales. In order to infer information on the spatial structure of the surface flow, we will treat the drifter velocity observations as Eulerian measurements, albeit on a time evolving, highly non-uniform spatial grid. The resulting Eulerian estimates are certainly influenced by the non-uniform sampling of the flow by the surface constrained drifters, especially in the presence of significant surface convergence. Nonetheless, the observations provide a uniquely large dataset of two-point ocean velocity observations with which to test standard turbulence scaling laws at 100 m-10 km, submesoscale, separations. Scale dependent, two-point velocity statistics were obtained from the 86 drifter database by first calculating the full relative dispersion matrix,
for all times t ≤ 12 days. Assuming homogeneity and isotropy, standard longitudinal and transverse velocity increments, defined by
were also calculated at each time for each pair. Statistics were obtained by time-averages over the data conditioned on binned separation distances. In order to both assess the ability of the available drifter data-density to test predicted scaling behavior and to highlight contributions from ageostrophic components of the surface velocity field, we also make use of synthetic drifters advected by the geostrophic velocities derived from AVISO satellite altimetry of the region over the same time interval. As detailed in Olascoaga et al. 47 and Berta et al., 48 the available AVISO data are meshed at 1 • /10 • resolution with temporal updates every 24 h. The 90 synthetic drifters were launched on the original GLAD S1 template at the closest available time to the actual launch. Fig. 6 shows probability distributions of two-point longitudinal velocity increments for the drifter data and the synthetic trajectories from AVISO fields conditioned on separation distance. Both the small-scale (r ≤ 1 km, top) and larger scale (5 km ≤ r ≤ 10 km, bottom) plots show data for three subbins of separation distances indicated in the caption. For each sub-bin, the distributions are normalized by their standard deviation. Best fit Gaussian curves are indicated by dashedlines. For sub-kilometer separation scales, both the observations and geostrophic AVISO data exhibit Gaussian cores with highly non-Gaussian tails. Unlike the nearly symmetric AVISO results, the small-scale GLAD data are clearly negatively skewed. At larger separation scales, consistent with the spatial resolution of the altimetric fields, the geostrophic AVISO data are nearly Gaussian while the drifter observations show persistent negative skewness.
A. Structure functions and scaling
The nth order structure functions are calculated from moments of the velocity increment distribution via
where the greek index denotes either the longitudinal or transverse component. Standard K41 scaling for inertial range, three-dimensional turbulence, where the local time scale is set by the (forward) energy cascade rate ε, implies that
In contrast, for two-dimensional turbulence in the enstrophy cascade range where the time scale is set by the enstrophy cascade rate ν, the scaling exponent is unity and
(11) Scaling of the second order longitudinal structure function for drifter and AVISO-based data is shown in Fig. 7(a) . As expected for spatial scales well below the radius of deformation, the geostrophic AVISO data show excellent agreement with r 2 enstrophy cascade scaling. This is an indication (at least for the non-local dispersion induced by coarse-grained AVISO altimetry) that the available Lagrangian data density is high enough and that inhomogeneity and anisotropy are not large enough to significantly effect observations of expected scaling laws. In contrast, the actual drifter observations indicate a scaling exponent much lower than 2 and much closer to the 2/3 prediction consistent with energy cascade arguments. Best fit exponent over the range 100 m ≤ r ≤ 10 km is 0.70 ± 0.05. A coarse estimate of the direct effects of rotation on the fluctuations can be established by defining a local, fluctuating Rossby number by
With f set to 7×10 −5 s 1 , comparisons of ∆u 2 l (r) = (Rofr) 2 for Ro = 0.1 and 1 to observations indicate that the local Rossby number estimated from the drifter data remains greater than 0.1 for separation scales smaller than ≈10 km. The distinct differences in scaling exponents of the structure functions and the relatively large value of the local Rossby number in the observations indicate the importance of ageostrophic velocity components at these scales.
B. Direction of cascade
The energy-cascade scaling for even-order structure functions (along with Richardson's law for two-point dispersion) supplies no information about the direction of the spectral energy-cascade and identical results are obtained in both standard three-dimensional inertial ranges and in the inverse-cascade range for 2D turbulence. 49 Odd-order structure functions, however, do determine the cascade direction. Kolmogorov's 4/5th law,
directly relates the dissipation rate (and its sign) to the third order structure function. Without recourse to unknown scaling constants or simple dimensional analysis, the relationship serves as one of the few "exact" results of turbulence theory. The 4/5th law can be generalized to any dimension, 50 d,
with the sign of ε negative for an inverse, upscale cascade. An alternate form, derived using typical geophysical scaling arguments applicable to mesoscale atmospheric flows, has been derived by Lindborg and Cho, 51
which includes both the third order longitudinal structure function and the mixed longitudinal-traverse statistic and is consistent with alternate 2D forms. 52 The scale dependence of the third order structure functions calculated from the drifter data, plotted in terms of the energy dissipation rate, is given in Fig. 7(b) . Solid circles show the dissipation estimated directly from the 4/5th law while open circles are the results from Eq. (14) . The data, in both cases, indicate a scale-independent, positive value of ε across the submesoscale range. At separation scales 10 km, roughly where the local Rossby number is less than 0.1, the sign changes from positive to negative. The magnitude, in units of W/kg, is O(10 −7 ) again consistent with the observed upper ocean microstructure dissipation estimates.
In contrast, data from the synthetic AVISO-based drifters agree remarkably well with enstrophy cascade scaling for structure functions up to fourth order. Fig. 8 shows comparisons of the structure functions for the GLAD drifters (panels (a) and (c)) and the synthetic AVISO trajectories (panels (b) and (d)) plotted under energy-cascade scaling (top panels) and enstrophy-cascade scaling (bottom panels). As shown in panel (a), the drifter observations scale reasonably well with r p/3 across the observed range of scales. Given the limited 12 day extent of the sample, and the observed dispersion rate, data densities for r > 20 km are low. As shown in panel (d), the AVISO data, especially for the even-order structure functions, demonstrate even clearer scaling with enstrophy-cascade exponent, r 1/p .
C. Surface compressibility
In terms of the given measures, the observed drifter data are notably consistent with standard K41 inertial range scaling behavior for 3D turbulence, including the existence of a scale independent, positive spectral energy flux towards smaller scales. The observed dissipation rate, computed at 100 m-10 km scales, is also remarkably similar to direct measurements of the "true" micro-scale dissipation rate in the near-surface ocean in this region at this time. The surfaceconstrained drifters, however, only provide information on the two-dimensional, divergent horizontal surface velocity field making any explicit connection between the drifter derived estimates of dissipation and the direct microstructure measurements speculative at best. There is, in addition, a distinct mismatch between the apparent Richardson scaling of the simple relative dispersion results shown in Fig. 4(b) and the 4/5th law dissipation estimates of Fig. 7(b) . From the inset of Fig. 4(b) , the slope of the relative dispersion curve in the nominal Richardson regime is O(10 −9 ) m 2 /s 3 . Using the Obukhov-Richardson relation,
with a dissipation estimate of ε ≈ 10 −7 m 2 /s 3 implies a Richardson constant, g ≈ 10 −2 , approximately two orders of magnitude smaller than the usual 3D value of 0.55, and smaller still than the 2D value of 3.8. If we accept the drifter-derived dissipation estimate, then the observed surface dispersion is significantly slower than expected. Alternatively, the observations indicate that the efficiency of the fluctuating surface velocity field in dispersing particles (the effective horizontal eddy-diffusivity) is far lower than is typically found in incompressible flows. As shown in Poje et al. 36 for the same data set, a similar (O(10 −2 )) difference is found when comparing the diffusivity computed from direct observations of the drifter cluster to scale dependent diffusivities estimated from the second-order structure function. One plausible explanation for the apparent reduction in pair dispersion for a given level of fluctuating energy is a high degree of horizontal convergence in the surface velocity field. Experiments and computations on compressible surface turbulence indicate energy cascade scaling of the surface velocity structure functions, but a reduction of the Richardson dispersion exponent itself from 3 to roughly 1.5 due to strong particle clustering in convergence zones. 53 The degree of compressibility in the observations can be assessed by examining the relative values of the secondorder longitudinal and transverse structure functions. Standard von Karman-Howarth analysis 54 for a homogeneous, isotropic incompressible field gives
where S tt and S ll denote the second order transverse and longitudinal functions. For any positive power law scaling of the longitudinal structure function, incompressibility implies that S tt > S ll . Recently, Helmholtz decompositions on second order statistics have been proposed as a means of analyzing the scale-dependence of the rotational and divergent contributions to the horizontal kinetic energy spectra in the available ship and airplane track velocity measurements. 55, 56 Following Lindborg, 56 the total second order structure function can be written either in standard form or in terms of the incompressible, rotational component, S rr , and the horizontally divergent contribution from the velocity potential, S dd , as
The rotational and divergent components can be recovered from
This decomposition for the drifter observations is shown in Fig. 9 where the integral contribution from missing data in the interval 0 m < r 100 m has been neglected. The results, with S tt ≤ S ll over all scales, are clearly inconsistent with 2D incompressibility. Fig. 9(b) indicates that contributions from the divergent component are roughly twice as large as the rotational. 
V. CONCLUSIONS
Two-point velocity and position observations provided by the simultaneous launch of 86 near-surface drifters were used to compute statistics over the submesoscale separation range. The primary goal was to determine whether, and how well, standard, inertial-range turbulence scaling arguments apply to the observed velocity fluctuations at scales which are intermediate between the largely 2D, geostrophic mesoscale and the fully 3D microscale. For the given dataset, the results are remarkably consistent with Kolmogorov, forward energy cascade inertial range scaling.
Notably, the observed third order structure function is negative for separation lengths where the fluctuating Rossby number is appreciable and scales remarkably well with separation distance in this range. The order of magnitude estimate for the scale independent dissipation rate provided by the 4/5th law closely matches the near surface microstructure measurements shown in Fig. 3 taken in the same region. For comparison, similar statistics derived from a like-sized set of synthetic drifters advected by purely geostrophic altimetric AVISO data agree well with Kolmogorov-Kraichnan scaling for 2D turbulence in the forward enstrophy cascade range. Helmholtz decomposition of the second-order structure function indicates that the surface velocity field observed by the drifters is far from 2D incompressible. The presence of strong surface convergence zones is a candidate mechanism for explaining the anomalously slow growth of the observed relative dispersion for the given level of fluctuating kinetic energy.
The observations are consistent with a decidedly ageostrophic, forward cascade of energy from scales where the fluctuations are not entirely dominated by rotation. While the drifter-derived estimates of the dissipation rate at 100 m horizontal separations match surface microstructure measurements, the existence of an inertial-range directly linking submesoscales to the fully 3D microscale remains unknown. At such scales, the upper ocean contains a host of distinct processes and features, either driven directly by a forward, downscale energy flux from larger scales or directly forced at their own scale by the atmosphere. These include the Langmuir turbulence, [57] [58] [59] [60] [61] [62] arising from the direct interaction of wind and surface waves, surface wave Stokes drift, and direct wind forcing of the near-surface current. Convective plumes are strongly modulated by the diurnal cycle and wind forcing also influences material dispersion at the surface. 63 Frontal density structures, with sub-kilometer scales, exhibiting highly salinity compensated density profiles clearly play a role in the observations and the S1 launch was unique in this regard. Perhaps not surprisingly, the dynamics in the ocean surface velocity field are inhomogeneous even over the confines of the DeSoto Canyon region. Analysis of other GLAD launches shows even-order structure functions, S p (r), scaling with r p/2 over submesoscale separations. This paper is dedicated to Professor J. L. Lumley.
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